Much evidence supports a fundamental role for mechanical forces in modulating differentiation, homeostasis, and remodelling of musculoskeletal cells. Little is known, however, regarding mechanobiology and gene expression of intervertebral disc (IVD) cells from older individuals. To characterise the effect of mechanical stimulation on cells from older discs, an in vitro study of IVD cells harvested from different aged pigs was conducted to measure extracellular matrix (ECM) gene expression in response to cyclic tensile stress (CTS). Gene expression of annulus fi brosus (AF) cells from IVDs of mature and older pigs was quantifi ed for the predominant ECM genes; type I collagen, type II collagen and aggrecan, and matrix metalloproteinase 1 (MMP-1), a collagenase that degrades fi brillar collagens.
Introduction
Although low back pain is one of most common causes of morbidity in developed countries with 60-80 % of people affected at some point in their lives (Kelsy et al., 1992; Sive et al., 2002) , its aetiology remains unclear. Genetic, environmental, and psychosocial factors have been suggested to play a role in disc degeneration, which is associated with low back pain in a large proportion of patients (Barrick et al., 2000; Lam et al., 2000; Luoma et al., 2000) . Mechanical stress from weight bearing, bending, twisting and lifting is thought to be an important environmental contributor to disc degeneration, although the underlying molecular mechanisms are not understood (Gillett et al., 1988; Robertson, 1993; Hoogendoorn et al., 2000) . It is very diffi cult to distinguish between the degenerative effects of mechanical stress and the molecular response to aging mainly because these effects are inter-related. Defi ning the pathophysiological process of disc degeneration requires a better understanding of the relationship of disc maturation, the mechanical forces exerted on the IVD and the responsive changes in gene metabolism resulting from these parameters.
IVDs consist of a hydrated proteoglycan rich gel, the nucleus pulposus, which is surrounded by a tough layer of collagen fi brils, the annulus fi brosus (AF). The nucleus is a viscous fl uid that can only sustain hydrostatic stress in the form of compression, which acts equally in all directions Ekstrom et al., 2004) . As the watery nucleus resists compression, stress is distributed circumferentially (hoop stress) because of the pressure pushing it transversely (Naylor et al., 1954) . This stress results in strain (deformation per unit length) on the annular collagen fi bres, as it dissipates laterally to the fi bres of the AF. Because AF cells are localised between and attached to consecutive annular lamellae of collagen fi bres, this strain induces deformation of the cells and the matrix (Rajpurohit et al., 2002) . Occupations that produce high or repetitive levels of hydrostatic pressure and tensile stresses in the IVDs are associated with disc degeneration, and these forces are thought to play a direct role in the process through their action on ECM molecules and an indirect role through their effects on cell metabolism (Smith and Hochmuth, 1982; Klein-Nuland et al., 1986; Banes et al., 1990; Ganey et al., 2003) .
Various methods have been used to investigate the effects of mechanical stress at the cellular level (Matsumoto et al., 1999) , including cyclically-applied tensile stress using a fl exible substrate to which cells are attached. In studies involving vascular endothelial and smooth muscle cells, this method of cyclic tensile stress H Cho et al. Aging and IVD degeneration (CTS) modulates gene expression and matrix protein synthesis and degradation (Baer et al., 2001) . Other approaches developed to deform cells in vitro include cell membrane deformation applied by micropipettes manipulated under microscopic control (Smith et al., 1982) , hydrostatic pressure applied in pressure chambers where cells are grown (Klein-Nuland et al., 1986) , and shear stress induced by fl uids passing over a fi xed substrate covered with cells (Banes et al., 1990) . Based on previous studies that showed that age and mechanical stress are factors in ECM metabolism, our study examined three parameters. First, experiments were designed to demonstrate if annular cells from the IVDs of older animals manifest differences in basal ECM metabolism compared to those from mature animals, as measured by gene expression and incorporation of radioisotopes in vitro. Second, we determined if the cellular response to mechanical stress at the molecular level varied according to the age of the animal. Finally, we tested the hypothesis that mechanical stress might abrogate degenerative changes observed in older animals such as decreased proteoglycan synthesis or increased matrix metalloproteinase-1 (MMP-1).
To investigate these aims, in the current study, AF cells from the inner layer of the IVDs of domestic pigs of different ages were cultured on fl exible-bottomed culture plates and CTS was applied. The effect of CTS was determined by quantifying changes in gene expression using real-time reverse transcription polymerase chain reaction (RT-PCR) analysis and comparing stretched cells to unstretched controls from the same animal.
Materials and Methods

Source of tissues
Normal IVDs used in this investigation were obtained from the lumbar spines of 26 female domestic pigs of varying ages (mature, 6-9 months; and older 2.75-3 years). The spine was sectioned between each of the lumbar discs from 10th thoracic vertebrae (T10) to 5th lumbar vertebrae (L5). The muscles and tendons were removed, and the column was sectioned transversally in the middle of each disc. The AF tissue was isolated from both halves of the disc. The outer edge containing muscle and connection ligaments was removed and the inner edge (transitional) zone touching the NP was also discarded. All the discs appeared healthy without overt signs of degeneration. All pig tissues were taken from the spines of healthy pigs freshly sacrifi ced for other experiments according to approved protocols and experimental procedures at the University of Tennessee Health Science Center.
Cell isolation and culture
Primary cells from the inner annular tissues were isolated by 1-2 h digestion at 37 ºC in 0.05 % Pronase (Boehringer Mannheim, Mannheim, Germany), followed by overnight digestion at 37 ºC in 0.2 % collagenase (Worthington Biochemicals, Lakewood, NJ, USA) using modified F-12K medium (Invitrogen, Carlsbad, CA, USA) with 5 % foetal calf serum (FCS, Atlanta Biologicals, GA, USA), 4 mM CaCl 2 and 40 mM HEPES buffer (SigmaAldrich, St. Louis, MO, USA). The cells were washed in F-12K medium and plated at 1 x 10 5 cells/cm 2 onto BioFlex plates (Flexcell Intl., Hillsborough, NC, USA) with silicone membrane bottoms coated with gelatin. Cells were cultured at 37 ºC in humidifi ed atmosphere of 5 % CO 2 in air, and the medium supplemented with 10 % foetal calf serum, streptomycin (50 μg/mL), penicillin G (50 IU/mL), L-glutamine (2 mM) and ascorbic acid (50 μg/ mL). The medium was changed every other day until the cells were confl uent. For mature cell cultures, confl uence occurred in 3-4 d (average doubling time is 1.7 d); with older cells, this interval was 5-8 d (average doubling time is 3.9 d). Doubling time was calculated using the method developed by V. Roth (http://www.doubling-time.com). Medium was replaced with serum free medium when the cells were confl uent and before stimulation by CTS.
Cyclic tensile stress (CTS)
CTS was applied using a Flexcell stress unit (Flexcell TM FX4000) consisting of a computer-controlled vacuum unit and base plate to hold the six-well fl exible-bottom culture plates. Vacuum was applied to the culture plates through a base plate, which resulted in radial and circumferential strains applied to each fl exible membrane. The frequency and duration of elongation were controlled by the computer, with a linear relationship between the vacuum level and the percentage of cell elongation (Matsumoto et al., 1999; Rannou et al., 2000) . Previous studies in our lab have shown that a stretch magnitude of 8-12 % does not signifi cantly infl uence the environment with respect to temperature or cell detachment of monolayer cultures of annular cells on Flexcell plates (Rannou et al., 2000) . AF cells were cultured in similar conditions in six-well fl exible-bottomed culture plates coated with gelatin. The cells were treated with serum-free F-12K culture medium at least 1 h before application of CTS. Stretching of the cells was performed with application of sinusoidal strain at 0.5 Hz frequency with a maximum of 10 %. A stretch duration of 24 h at 37 ºC was programmed for 10 % strain with experimental duplicates of each specimen, with unstretched controls for each parametric combination of time and strain. After stretching, cells were removed by trypsinisation and counted using trypan blue staining. A portion of the cells was extracted for RNA with Trizol for RT-PCR analyses.
Western blotting of MMP-1 in culture supernatants
Cells were cultured for 24 h in serum-free medium, the supernatants were collected and centrifuged to remove any cell debris, and the proteins were precipitated by the addition of four volumes of cold acetone, and then centrifuged at 13,000 x g for 10 min. The precipitate was mixed with Laemmli sample buffer and separated by SDS/PAGE, and the proteins were electrophoretically transferred to PVDF membranes (Amersham Bioscience/ GE Healthcare, Amersham, UK). Blots were blocked for 1 h in Tris-buffered saline at pH 7.5, containing 5 % (w/v) fat-free powdered milk and incubated overnight at 4 ºC with polyclonal antibody to porcine MMP-1 (1:1000, Biodesign Intl., Saco, ME, USA). Membranes H Cho et al. Aging and IVD degeneration were washed in Tris-buffered saline and incubated with anti-rabbit antibody coupled to alkaline phosphatase (1:10,000, Amersham). Excess antibody was removed by washing, and immunoreactive bands were visualised by incubation with ECF substrate (Amersham), according to the manufacturer's instructions. The fl uorescence was detected on a STORM 860 reader (Molecular Dynamics, Sunnyvale, CA, USA), and the immunoreactive band was quantitated using ImageQuant (GE Healthcare) Software.
Real-time RT-PCR
Total RNA from the cell cultures was prepared using a TRIZOL reagent (Life Technologies). Both total RNA concentration and its purity were determined at 260 nm and 280 nm UV wavelengths using a Nanodrop TM (Thermo Scientific, Waltham, MA, USA) spectrophotometer. Reverse transcriptase was used to prepare cDNA, and the samples were assayed using custom-designed primers (Primer Express software, Applied Biosystems/Life Technologies) and TaqMan® probes used for target genes porcine procollagen type I, II, MMP-1, aggrecan, and reference genes, porcine GAPDH-2, 18S (Table 1) , and an ABI PRISM 7900 (Applied Biosystems) for amplifi cation. A comparative CT method was used to quantitate the target genes. A Delta CT (ΔCT) for each sample was determined by subtracting the average CT of the housekeeping gene from the average CT of the target gene. Plotting the data as 2 -(ΔCT) normalises the expression relative to the level of a housekeeping gene (Livak and Schmittgen, 2001) . This is an exponential value since each CT results in a doubling of the PCR product. Primary cultures that were not stretched but cultured equivalently served as a reference (control group) for the comparison of mRNA levels for the stretched cells (experimental group).
Measurement of [ 35 S]-sulphate incorporation into GAGs
To measure newly synthesised glycosaminoglycans (GAG), 20 μCi of [ 35 S] sodium sulphate (NEN Life Science Products, Boston, MA, USA) in 2 mL of serum-free F-12K medium per culture plate was incubated for 24 h following CTS. Each culture was then digested with 1 mL of 125 μg/ mL papain (Sigma-Aldrich) in 5 mM cysteine-HCl, 0.05 M EDTA and 0.1 M sodium phosphate for 16 h at 68 °C (Kim et al., 1994) . The cell supernatants and cell layers were pooled and dialysed against H 2 O until the background was neutral. One mL of 0.5 % hyaluronic acid in 0.05 M TrisHCl pH 7.5 was added to 100 μL aliquots of the dialysed samples and vortexed. Then 250 μL of 2 % cetyltrimethyl ammonium-bromide (CTAB) in H 2 O was added, vortexed, and centrifuged at 1000 g for 10 min at room temperature. The pellet was washed twice with 250 μL 0.5 % CTAB in 0.05 M sodium chloride, then resuspended in 1 mL of methanol and counted in 10 mL of liquid scintillation fl uid.
Colorimetric assay to determine the GAG content (DMB)
The GAG content in digests of cell cultures was determined using the 1,9-dimethylmethylene blue (DMB) method described by Farndale et al. (1986) . Briefly, sample solutions (50 μL) were gently mixed with a 200 μL of DMB solution in a 96-well microtiter plate and the absorbance at 525 nm was measured immediately using a Titertec Multiskan Spectrophotometer (Lab Systems, Helsinki, Finland) . Absorbance values were quantifi ed against a standard curve of shark chondroitin sulphate C (SigmaAldrich), ranging from 2 μg/mL to 2 mg/mL.
Statistics
All experiments were performed independently at least three times. Student's t-tests, paired t-tests, and analyses of variance were used to determine statistical signifi cance.
Results
Baseline production of collagen and collagenase
Type I collagen is the predominant protein in annular cells and the major component in the annulus that resists the hoop stress resulting from the hydrostatic compression of the nucleus. Surprisingly, we found no signifi cant differences between primary cultures of annular fi brochondrocytes from older animals compared to those from mature animals for the level of expression of collagen type I as measured by RT-PCR. In contrast, the levels of mRNA for type II collagen and aggrecan were signifi cantly decreased in the older annular cells (Fig. 1) . Levels of mRNA for MMP-1 from primary cell cultures showed a small, but signifi cant increase in expression of this enzyme in the fi brochondrocyte cultures from the IVDs of older Table 1 . Primer and probe sequences for real time PCR analyses. These are specifi c to the pig genome and were custom designed using Primer Express software from Applied Biosystems, CA (Note: Col-I; type I collagen, Col-II; type II collagen, PTGL; Aggrecan, MMP-1; matrix metalloproteinase 1).
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Aging and IVD degeneration animals ( Fig. 1) . Increased MMP-1 synthesis by the older cells was confi rmed by Western blot analyses of MMP-1 in 24 h culture supernatants ( Fig. 2A) , which showed a fourfold difference in MMP-1 protein comparing mature and older cells from control group, respectively. Interestingly, the levels of MMP-1 protein in culture supernatants from annular cells of both ages were signifi cantly decreased with mechanical stimulation (Fig. 2B ). These results demonstrate that 0.5 Hz frequency with a maximum of 10 % of CTS depress MMP-1 expression, with a modest decrease in the protein in the supernatant (Fig. 2) .
Collagen and collagenase expression after CTS stimulation
Fibrochondrocytes from annular tissues of mature pigs when stimulated by CTS showed signifi cant increases in the levels of type II collagen and aggrecan mRNA to 1.5 times of that seen in unstretched controls of the same age (Fig. 3) . Annular cells from older animals showed a much larger relative increase of type II collagen and aggrecan expression after CTS as compared to cells from the mature animals. In this animal group, type II collagen mRNA levels had a mean increase of 3.7 fold over the unstretched Fig. 1 . Comparison of gene expression in porcine annulus fi brosis cells of two different age groups. Primary cultures of cells from mature (n = 7, 36-54 kg, 7-8 months old) or older (n = 5, 113-136 kg, 2.5-3 years old) pigs were extracted for mRNA and specific genes were quantitated by real time RT-PCR. The mRNA levels are normalised to values for housekeeping genes and plotted as 2-(DCT). Data are presented as mean ± SD (* Indicates p < 0.05 relative to mature tissue).
Fig. 2. Downregulation of MMP-1 expression in annulus fi brosus cells by CTS. (A)
Western blot analysis of MMP-1 protein in culture supernatants from annulus fi brosus cells of mature and older age groups before and after exposure to CTS. Protein secreted into the culture supernatants during the stretch interval was precipitated and analysed by Western blots using antibodies to porcine MMP-1. (B) Quantitation of unglycosylated form (52 kDa) of immunoreactive bands in culture supernatants from these cells exposed to CTS application or cultured similarly but remaining stationary. Data presented as mean ± SD (* Indicates p < 0.05 relative to each control group; n = 5/each age group). Fig. 3 . Change in levels of mRNA for collagen type I, collagen type II, aggrecan and MMP-1 before and after exposure to CTS. Relative gene expression is compared to control cells of the same age that are not stretched. For each gene the expression of the controls is arbitrarily set at 100 %. Data presented as mean ± SD (* Indicates p < 0.05 relative to each control group; n = 5/each age group). 
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controls, while the levels of aggrecan increased by 4.1 fold. In contrast, a small but signifi cant decrease was seen in levels of expression of MMP-1 gene in both animal categories after CTS. Mechanical stimulation led to a slight decrease in type I collagen mRNA levels in mature pigs but this gene expression remained unchanged for the older cells (Fig. 3) . It should be noted that gene expressions for each group are normalised to their respective unstretched controls that are set to 100.
Effects of CTS on glycosaminoglycan synthesis
Proteoglycans are synthesised by AF cells and are relatively enriched in the inner layers of the annular tissue compared to the outer layers (Maeda and Kokubun, 2000) . Radioactive labelling with 35 S showed lower incorporation into glycosaminoglycans (GAG) in cell cultures from the older animals compared to those taken from the mature animals (Fig. 4A) . The cellular response to CTS stimulation with respect to GAG synthesis differed between the two ages. Application of CTS resulted in a decrease of GAG synthesis in the mature annular cells, while older cells showed an increase of GAG synthesis. The cell numbers of the confl uent monolayers treated with CTS did not change (Fig. 4B) . The total amount of GAG, as measured colorimetrically, present in the cultures of the unstretched older annular cells was lower than that was present in mature cells paralleling results for incorporation of radioactive sulphate (Fig. 5) . Application of CTS caused a slight decrease in the total amount of GAG in the mature annular cells, but an increase of that seen in the older annular cells. These results are similar to those in Fig. 4 , which shows a large increase in newly synthesised GAG with CTS in the older cells.
Discussion
The IVDs contribute to flexibility, load support, and energy dissipation in the spine. In healthy discs, the rates of synthesis and breakdown of the ECM are in equilibrium because of the intricate regulation by growth factors and cytokines (Kawaguchi et al., 1999; Roughley et al., 2002) . Disc degeneration has been suggested to be associated with a loss of tissue cellularity through apoptotic-related processes that lead to a diminished generation, organisation, and repair of the ECM (Gruber and Hanley 1998; Lotz et al., 1998; Annunen et al., 1999) . Homeostasis of the ECM in the intervertebral discs also has been shown to be regulated by mechanical loading (Handa et al., 1997; Hutton et al., 1999) . These fi ndings have been interpreted as indicative of the pivotal role of mechanical stress in ECM degradation and induction of cell apoptosis in the IVD, which combine to produce disc degeneration (Rannou et al., 2004) . This interpretation is somewhat discouraging for the exploration of interventional therapies with the exception of cell-based therapy. Our results, however, offer a much more optimistic prognosis for exercise based therapy.
In this investigation, the expression pattern of genes relevant to ECM of the IVDs varied with age. In older cells, expression of collagen type II and aggrecan decreased while that of MMP-1 increased. These expression patterns may refl ect metabolic processes in the annulus that vary with age or modulate due to changes in the cellular environment such as the hydration status of the adjacent nucleus or the cross-linking of collagen fi brils (Acaroglu et al., 1995; Horner et al., 2002) . The annulus is a heterogeneous tissue with respect to the organisation Fig. 5 . Total GAG production in different age groups before and after CTS. A 1,9-dimethylmethylene blue (DMB) assay was used to assess sulphated glycosaminoglycan (S-GAG) production. Absorbance values were calibrated against a standard curve of shark chondroitin sulphate C (Sigma-Aldrich). Data presented as mean ± SD (* Indicates p < 0.05 relative to control group (C) of the same age; n = 5/each age group).
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Aging and IVD degeneration of its ECM. It is highly hydrated, with organised collagen fi bres that form a concentric lamellar structure. The type I/type II collagen composition changes gradually moving in from the outer layers, with an enrichment of type II and proteoglycan in the inner layers (Eyre and Muir, 1976; Maeda and Kokubun, 2000) . Type II collagen staining has been shown to be reduced in the inner annulus in adult and elderly humans (Nerlich et al., 1997) .
The porcine spine as a model for the human spine has been studied in several biomechanical contexts. Although pigs are quadrupeds, as are most mammalian models of spinal biomechanics, they nonetheless exhibit pressures in the same range as experienced by IVDs in humans and have similar facet orientation and ligamentous structures (Yingling et al., 1999; Wenger et al., 2000) . The compressive strength of their vertebrae is also in the range reported for humans, suggesting that the complexity of stresses experienced in the daily life of pigs is similar to that of bipeds to the extent that such stresses dictate tissue morphology (Almekinders et al., 1993; Sasaki et al., 2001) .
The Flexcell has been used for many years with different CTS protocols for several cell types. Previously published studies have used different frequencies, intensities, or CTS time exposures than those in the present work (Banes et al., 1985; Almekinders et al., 1993) . 1 Hz is the highest frequency that can be used with the Flexcell, and it corresponds to the walking frequency (Winter, 1983; Rannou et al., 2000) . Various studies have reported strains between 5 % and 13 %, with 20 % being the maximal failure strain evaluated in annular collagen type I fi bres. 5 % strain corresponds to average strain observed in annular collagen fi bres from IVDs submitted to compressive stress. Any stretch condition above 12 % change the volume and temperature of culture medium signifi cantly (Brinckmann et al., 1983; Rannou et al., 2000; Rannou et al., 2004; Costi et al., 2007) . Gilbert et al. (2010) suggest that AF cells respond differently to changes in time period of applied stress. Expression of matrix degrading enzyme changes within 1 h of stress whereas expression of matrix proteins only after 24 h. Our rationale for choosing 24 h exposure for these experiments was also determined by the fact that we did not want cells to undergo stretching in the absence of serum components for more than this time frame. Also, 24 h is a reasonable period for soluble mediators to accumulate and/or stimulate the cells and in addition, this was the time duration where we saw a reproducible effect. Finally, other investigators have used this interval for studies allowing comparisons with our data (Rannou et al., 2000; Rannou et al., 2004) .
Mechanical stimulation using the Flexcell apparatus led to a small change in the expression of collagen type I in the AF of mature discs with no signifi cant change in the cells from older discs. Minimal or no response for expression of type collagen I with mechanical stimulation was similar to results with human and bovine annular cells previously shown (Cs-Szabo et al., 2000; Wuertz et al., 2007) . In the present study, the expression of collagen type II and aggrecan increased with mechanical stimulation, while at the same time the expression of MMP-1 was reduced in the annular cells from both mature and older discs. Surprisingly, the magnitude of the response over the unstretched control baseline was signifi cantly greater in the older cells. As the older cells are clearly mechanoresponsive to CTS, we postulate that the basal expression of decreased type II collagen and aggrecan and increased MMP-1 relative to the mature cells reflect reduced mechanical stress experienced in vivo as compared to that experienced by the mature pigs.
Variations in the mechanical stresses in the annulus due to aging could result from increased cross-linking of IVD collagens (Banes et al., 1990; Skaggs, 1994) , variation in the hoop stress resulting from changes in the nucleus composition, or simply decreased physical activity of the older animals (Lotz et al., 2002; Rannou et al., 2004) . Various independent studies have been conducted to try to explain the various effects aging can have on the IVD (Silberberg et al., 1979; Iatridis et al., 1999) . Kurutz (2006) reported that in vivo tensile deformability of human lumbar-lumbosacral motion segments and discs was decreased in older individuals while Pokharna and Phillips (1998) showed that an increase in pentosidine crosslinks in the disc occurs with age. Adams et al. (2000) using a pressure transducer to spatially determine stress profi les of discs under constant compression, showed that age-related degenerative changes reduced the sagittal diameter of the functional nucleus by approximately 50 % and that the pressure within it falls by 30 %. This impacts the stress experienced by the encapsulating annular tissues. In this study, we utilised the information from these studies to explain how composition of ECM changes with age and how controlled mechanical stimulation can modulate the ECM genes. The intensity, frequency, and vacuum signalshape of CTS used in our experiments were not varied and therefore the mechanical stress was not maximised. Further studies are needed to investigate the optimal type and characteristic of mechanical stress, not only on the annular cells (AF), but on the nuclear cells (NP) as well.
Our original hypothesis that mechanical stress could modulate the degenerative processes observed in the annular cells from older IVDs was based on studies showing that many MMP genes show reduced expression following dynamic tensile strain (Xu et al., 2000; Deschner et al., 2006) . Indeed, this was the case for both mature and older annular cells in the present study. More relevant to health considerations is the fact that mechanical stress produced increased proteoglycan synthesis and type II collagen expression along with the reduced levels of collagenase in cells of the AF from older animals. Clinically, enhancement of the anabolic side of AF metabolism by exercise therapy causing spinal stretching by fl exion, extension, rotation, and lateral bending could prevent or reduce annular degeneration. Animal studies have demonstrated that motion and exercise increase disc metabolism (Holm and Nachemson, 1983; Kroeber et al., 2002) . The current experiments confi rm these fi ndings and show mechanistic data supporting the benefi ts of exercise therapy and increased physical activity for the older spine.
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Discussion with Reviewers
Reviewer II: One could easily argue that 10 % strain applied for 24 h represents a supraphysiological loading. Do you expect that a lower magnitude of strain could elicit a similar response or if the response could occur within a shorter time period? Authors: We believe that a lower magnitude of stretch or a shorter time period can produce biologically signifi cant results. But we hypothesise that results will be different from the ones observed in the present study. Rannou et al. (2004) (text reference) observed that at 1 % stretch magnitude, the amount of proteoglycan secreted in the culture media, is not significantly different from the unstretched controls. But higher stretch levels of 5 % result in a decrease in the amount of proteoglycan. Also, H Cho et al. Aging and IVD degeneration Gilbert et al. (2010) (text reference) suggest that AF cells respond differently to changes in time period of applied stress. Matrix degrading enzyme gene expression changes within 1 h of stress whereas the matrix protein gene expression changes only after 24 h. Our rationale for choosing 24 h exposure for these experiments was also determined by the fact that we did not want cells to undergo stretching in the absence of serum components for more than this time frame. Also, 24 h is a reasonable period for soluble mediators to accumulate and/or stimulate the cells. Moreover, this was the time duration where we saw a reproducible effect.
Reviewer III: What is the scientifi c argument just to look at a 24 h time window after stretching? Also for therapeutic purposes the 24 h time frame is not very clear.
Authors:
The main purpose of our study is to investigate how cells from different age groups respond to mechanical stimulation using cyclic tensile stress (CTS). It has been previously shown that 24 h of continuous stretching has a signifi cant effect on the extracellular matrix composition as is shown by others (Rannou et al., 2004; Gilbert et al., 2010 ) (text references), allowing comparisons with our data and providing a format for testing the effect of age on this response. This time interval produced signifi cant changes and offers several advantages. Other justifi cations for choosing this time period were to allow the use of serum free medium, to minimise effects of serum growth factors that might mask age related differences. We also wanted to allow suffi cient time for soluble molecules or mediators to accumulate and/or stimulate the cells. The data suggests that the cells from older aged animals react positively to mechanical stress, which posits that mechanical stimulation may be therapeutic for stimulating extracellular matrix production and accumulation in IVD cells from older individuals although the time frame and duration of this mechanical stimulation has yet to be determined. We believe that shorter, more frequent intervals would be effective in vivo. However, permanent changes in micro-molecular composition of the IVD will depend on various factors -age, physical lifestyle, genetic disposition, frequency of stimulation, and time duration of therapy. A signifi cant number of studies have to be performed to justify this theory.
Reviewer III: The up-regulation of aggrecan and collagen type 2 after 24 h is quite remarkable (Fig. 3) . However, will the gene expression be long-lasting or would it go back to normal level immediately after stopping the CTS? Authors: As we do not know the pathway by which CTS stimulates aggrecan or type 2 collagen expression, it is diffi cult to predict. Theoretically, as more extracellular matrix is formed, it could function to insulate the cell from the mechanical stretching. Alternatively, if matrix accumulation is due to a secreted growth factor or mediator then the expression might be prolonged. It is our intention to expand these studies.
